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^  Single  crystal  p-CdTe  (Eg  *  1.4  e/)  electrodes  have  been  characterized  in 
CH3CN/e1ectrolyte  solutions.  Deliberate  modification  of  the  p-CdTe  surface  by 
etching  In  strongly  oxidizing  (^2^072-/^103]  or  reducing  (S2O42-/OH*)  solutions 
alters  the  p-CdTe  surface  to  give  rise  to  large  differences  In  the 
electrochemical  response  In  the  dark  and  under  Illumination.  The  oxidative 
pretreatment  apparently  yields  a  p-CdTe  surface  that  Is  Fermi  level  pinned, 
whereas  the  reductive  pretreatment  yields  nearly  Ideal  response.  The  pretreated 
electrodes  were  characterized  by  XPS,  Impedance  measurements,  and  cyclic, •' /\j  I 
voltammetry  In  the  presence  of  a  number  of  reversible,  one-electron  redox  ^ 
^couples.  XPS  Indicates  the  presence  of  a  Te-rlch  surface  overlayer,  composed  of 
Te*  and  TeO^l  on  CdTe  etched  In  oxidizing  media.  Electrodes  etched  In  reducing 
solutions  yield  XPS  spectra  nearly  Identical  to  those  of  an  Ar  lon-sputtpfed  CdTe 
sample.  In  terms  of  stoichiometry  (1:1)  and  chemical  state  (Cd2+  and  Te2*)  of 
cadsriumcpfid  tellurfde.*  The  differential  capacitance  of  p-CdTe  cathodes  In 
CH3CN/O.2  M  [n-Bu4N]B^Vvwas  measured  In  the  dark  over  the  potential  range  -0.2  to 
-1.0  V  vs.  SSCE.  Linear  Mott-Schottky  plots  (Epg  -  -0.4  V  vs.  SSCE,  n*  «  2.5  x 
1015  cr3)  are  obtained  for  electrodes  etched  In  S2042“/0H“  solutions  consistent 
with  Ideal  variation  In  the  band  bending  as  the  electrode  potential  Is  varied. 

In  contrast,  p-CdTe  etched  In  Cr2072'/HN03  yields  potential -Independent  values  of 
differential  capacitance,  -40-70  nF*cfr2,  consistent  with  constant  band  bending 
( <0-1  eV)  over  a  wide  potential  range.  Quasi -reversible  cyclic  voltammetry  In 
the  dark  and  negligible  photovoltages  under  Illumination  are  observed  at  p-CdTe 
electrodes  pretreated  with  the  oxidative  etch,  consistent  with  the  small  barrier 
height  determined  from  capacitance  measurements.  The  CdTe  etched  In 
S2O42-/OH"  solution  shows  nearly  Ideal  Interfacial  behavior.  Photovoltages  vary 
from  0.0  to  0.7  V  for  solution  species  having  redox  potentials  from  -0.4  to  -2.0 
V  vs.  SSCE.  The  sustained  conversion  of  632.8  nm  light  (-40  mW/cm2)  to 
electricity  has  been  demonstrated  to  be  -8%  efficient  for  a  solution  containing 
[l,2-d1cyenobenzene]0/~.  The  cell  has  an  open-circuit  photovoltage  of  up  to  0.9 
V,  a  short-circuit  quantum  yield  for  electron  flow  of  -0.5  and  a  fill  factor  of 
-0.45. 


-3- 


An  earlier  report  from  this  laboratory!  demonstrated  the  ability  to  alter 
and  control  the  photoelectrochemical  response  of  n-type  semiconducting  CdTe  by 
deliberate  modification  of  the  electrode  surface.  Specifically,  the  photovoltage, 
Ey»  developed  at  CdTe  photoanodes  pretreated  by  chemical  etching  In  strongly 
oxidizing  solutions  Is  found  to  be  Insensitive  to  the  solution  redox  potential ,1*2 
E redox >  over  a  large  potential  range.  In  contrast,  electrodes  etched  by  a 
reducing  solution  behave  In  an  Ideal  fashion:3  the  observed  Ey  was  found  to 
Increase  linearly  with  more  oxidizing  solution  potentials.  We  and  others!*3’4*5 
generally  assume  that  the  maximum  photovoltage,  Ey(max),  observed  at  a  semi¬ 
conductor  electrode  under  Illumination  corresponds  closely  to  the  barrier  height. 
Eg,  associated  with  the  semi conductor/11 quid  electrolyte  junction  at  equilibrium 
In  the  dark,  equation  (1)  and  Scheme  I.  Thus,  the  constant  photovoltage 


Oark  Equilibrium 


Illuminated  at  Open-Circuit 


Scheme  I:  Interface  energetics  from  a  p-type  semiconductor  In  contact  with  an 

electrolyte/redox  couple/solvent  system  In  the  dark  at  equilibrium  and 
under  Illumination  with  Intense,  >Eg  light  at  open-circuit. 
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observed  at  "surface  oxidized"  n-CdTe  electrodes  indicates  a  constant  barrier 
height.  Independent  of  the  solution  potential.!  This  situation  Is  observed 
at  small  bandgap  seal conductors6  In  contact  with  electrolytic  solutions  or 
metal  over-layers  and  Is  referred  to  as  "Feral  level  pinning".6  Fermi  level 
pinning  1$  associated  with  a  high  density  of  surface  states  located  between  the 
conduction  and  valence  band  edges  Ecb  and  Eye*  Depending  on  the  density  and 
distribution  of  surface  states,  the  charging  of  the  surface  states  by  equili¬ 
bration  of  the  surface  with  redox  species  In  solution  or  with  the  bulk  of  the 
sealconductor  can  result  In  a  constant  aaount  of  band  bending.  Independent  of 
Eredox*  In  such  cases  variation  In  E^ox  results  In  variation  In  the  potential 
drop  across  the  electrode/electrolyte  Interface  (Helmholtz  layer)  and  not  across 
the  semiconductor  to  cause  changes  In  band  bending.  The  large  variation  of 
photovoltage  with  E^^x  observed  at  "surface  reduced”  n-type  CdTe1  leads  to  the 
conclusion  that  these  surface  energy  levels  can  be  removed  by  chemical  methods, 
resulting  In  a  more  Ideal  CdTe  semi conductor/11 quid  electrolyte  junction. 

We  now  wish  to  report  the  results  of  a  related  Investigation  concerning  the 

» 

Influence  of  chemical  pretreatment  on  the  behavior  of  p-type  CdTe  In  contact  with 
CH3CN/e1ectrolyte  solutions.  In  contrast  to  n-type  cadmium  chalcogenides,7-10  CdX 
(X  ■  $,  $e,  and  Te),  p-CdTe  has  been  relatively  unexplored  as  an  electrode  In 
photoelectrochemical  cells.  This  Is  probably  due.  In  part,  to  the  poor 
performance  found  (Ey(max)  <  100  mV)  In  the  few  Investigations. 11  We  point  out, 
however,  that  CdTe  Is  one  of  the  few  II-VI  compounds  that  can  be  made  even 
moderately  p-type  I2  and  that  Its  band  gap.  Eg,  of  1.4  evl3  corresponds  to  the 
optimum  value  for  solar  energy  conversion. 1*  Studies  of  p-CdTe/metal  Schottky 
barriers  have  shown  that  It  Is  possible  to  obtain  relatively  large  values  Of  Eg, 
but  values  of  Ey(max)  have  apparently  not  been  measured.!6  In  view  of  the 
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prevlous  success  from  surface  modification  In  altering  the  behavior  of  n-CdTe,1  we 
felt  that  a  similar  strategy  applied  to  p-type  CdTe  aright  result  In  an  Increase  in 
Its  output  performance.  It  Is  demonstrated  that  p-CdTe  electrodes  pretreated 
using  a  reducing  etchant  behave  In  a  nearly  Ideal  fashion  with  photovoltages 
varying  from  negligible  values  up  to  0.9  V,  depending  on  Epedox*  In  addition  to 
measuring  the  photovoltage  developed  at  Illuminated  electrodes.  Independent 
measurements  of  the  barrier  heights.  Eg,  of  both  oxidized  and  reduced  p-type  and 
n-type  CdTe  have  been  obtained  from  differential  capacitance  measurements.  The 
values  of  Eg  determined  from  capacitance  studies  correspond  closely  to  the 
measured  values  of  photovoltage  (Ey)  of  these  materials,  supporting  the  assumption 
given  In  equation  (1). 
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Experl mental 

Electrode  Fabrication.  Single  crystals  of  p-  and  n-CdTe  (Cleveland  Crystals, 
Cleveland,  OH)  were  cut  Into  0.05*0.2  cm2  wafers  approximately  1*2  mm  thick. 
Before  fabricating  the  crystals  Into  electrodes,  the  side  of  the  crystal  to  be 
exposed  to  the  electrolyte  solution  was  polished  to  a  mirror  finish  with  0.3 
alumina.  Ohmic  contact  to  n-CdTe  was  then  made  by  rubbing  In-Ga  eutectic  onto 
the  back  side  of  the  crystal.  Ohmic  contact  to  p-CdTe  was  made  by  a  slight 
modification  of  a  procedure  previously  described  by  Aven  and  Garwackl  for  making 
ohmic  contacts  to  p-ZnTe.16  After  polishing  the  face  to  be  exposed  to  solution, 
the  crystal  was  etched  In  boiling  5  M  KOH  for  1  minute,  rinsed  thoroughly  with 
H2O  and  dried.  Approximately  20  iil/cm?  of  a  0.1  M  LINO3  solution  was  applied  to 
the  back  side  of  the  crystal  and  allowed  to  evaporate  to  dryness  under  an  Ar 
atmosphere.  The  p-CdTe  crystal  was  then  heated  slowly  to  400*C  under  a  H2-N2 
atmosphere  (10%  H2)  and  held  at  this  temperature  for  1  h.  Under  these  conditions 
LI  Is  reported  to  diffuse  slowly  Into  the  crystal.  After  cooling  to  room 
temperature,  the  crystal  was  rinsed  with  H2O  to  remove  excess  LINO3,  and  a  gold 
electroless  contact  was  plated  onto  the  LI  diffused  area  with  HAUCI4.  Excess 
plating  solution  was  removed  from  the  back  surface  with  tissue  and  the  contact 
was  dried  at  100*C  for  ca.  2  minutes.  A  Cu  wire  was  then  attached  to  the  ohmic 
contacts  of  both  n*  and  p*CdTe  using  Ag  conductive  paint  and  the  entire  assembly 
was  mounted  In  glass  tubing  with  ordinary  epoxy  leaving  only  the  front  crystal 
face,  <111>  orientation,  exposed  as  previously  described.!' 

Etching  Procedure.  CdTe  electrodes  were  etched  In  reducing  or  oxidizing 
solutions  Immediately  prior  to  their  use.  The  oxidizing  etch  consisted  of  a  30  s 
Immersion  of  the  electrode  In  a  solution  containing  4  g  <20207,  10  ml  cone. 

HNO3  and  20  ml  H2O.  For  the  reducing  etch,  the  electrode  surface  was  initially 


oxidized  In  the  above  etchant,  then  Ismersed  for  3  ml n  In  a  boiling  solution  of 
0.6  M  NO2S204  and  2.5  M  NaOH.  After  each  etching  the  electrode  was  rinsed 
thoroughly  with  distilled  H2O,  then  acetone.  Prolonged  or  repeated  etching  of 
CdTe  electrodes  resulted  In  a  surface  that  appeared  roughened;  such  electrodes 
showed  poor,  Irreproduclble  electrochemical  behavior  and  therefore  were  not 
employed  until  the  surface  had  been  repoll shed. 

Electrochemical  Procedure  and  Apparatus.  Electrochemical  measurements  were  made 
In  a  single  compartment  cell  (-40  ml)  equipped  with  an  optically  flat  Pyrex® 
window.  Cyclic  voltammetry  was  performed  In  Ar-  or  ^-purged  CH3CN  solutions 
containing  0.2  M  [n-Bu4N]BF4  as  supporting  electrolyte.  The  redox  reagent 
concentration  was  typically  1-3  wH  except  where  noted  otherwise.  Along  with  the 
semiconductor  electrode,  the  cell  contained  a  Pt  disk  electrode  to  check 
electrolyte  and  reagent  purity,  an  8  cm2  Pt  foil  counterelectrode,  and  an  aqueous 
sodium-saturated  calomel  reference  electrode  (SSCE).  All  potentials  are  reported 
vs.  SSCE,  trtilch  Is  52  mV  negative  of  the  SCE  (saturated  calomel  electrode). I7 
Cyclic  voltammograms  were  measured  with  a  Pine  Instruments  Model  RDE3 
potentl os tat/programmer  and  recorded  on  a  Houston  Instruments  Model  2000  X-Y 
recorder. 

Differential  capacitance  measurements  were  made  under  the  conditions 
described  above  employing  a  Princeton  Applied  Research  Model  5204  lock-in 
amplifier  with  Internal  oscillator.  Differential  capacitance  was  recorded  as  a 
function  of  applied  potential  by  scanning  the  d.c.  potential  at  5  mV/sec.  A  >10 
mV  peak-to-peak  sine  wave,  100  Hz-3  kHz,  was  used  to  modulate  the  electrode 
potential.  Capacitance  values  were  extracted  from  the  quadrature  values  by 
assuming  a  simple  RC  series  circuit.  A  dumpy  RC  circuit  was  used  to  calibrate 
the  measuring  system.  Quadrature  readings  were  Insensitive  to  R  over  the  range 
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100-800  a.  Indicating  a  strict  proportionality  of  the  quadrature  output  to  the 
actual  capacitance  value. 

The  light  source  used  to  Irradiate  the  photoelectrodes  was  a  beam  expanded  5 
■H  He- Me  User  (632.8  nm).  Intensities  were  varied  with  a  beam  expander  or  by 
neutral  density  filters.  A  Tektronix  J16  radiometer  equipped  with  a  J6502  probe 
was  used  to  measure  the  Input  632.8  nm  optical  power. 

Photoaction  Spectroscopy.  Photoaction  spectra  were  obtained  by  Interfacing  a  PAR 
Model  6001  photoacoustic  spectrometer  with  a  potentlostat.  The  photoacoustic 
sample  cell  was  replaced  by  a  single  compartment  three-electrode  electrochemical 
cell  with  CdTe  photoelectrode  positioned  In  the  light  beam.  While  maintaining 
the  photoelectrode  on  the  plateau  of  the  appropriate  current-voltage  curve,  the 
wavelength  was  scanned  and  the  output  of  the  potentlostat  sent  to  the  Model 
6001's  microprocessor.  A  beam  splitter  and  pyroelectric  detector  provided 
correction  for  variation  In  light  Intensity  with  wavelength,  hence  division  of 
the  resulting  photocurrent  spectra  by  a  signal  proportional  to  wavelength  yielded 
relative  quantum  yield  spectra.  A  1  kW  Xe  arc  lamp,  modulated  at  100  Hz, 
provided  10-100  uM/ca2  of  monochromatic  visible  light  (8  nm  resolution)  to  the 
photoelectrode.  Lock-In  detection  eliminated  dark  current. 

Surface  Spectroscopy.  X-ray  photoelectron  spectra  were  recorded  on  a  POP 
11/04-controlled  Physical  Electronics  (Perkin  Elmer)  Model  548  spectrometer^ 
equipped  with  Mg  anode  and  cylindrical  mirror  analyzer  (CMA) .  Spectra  were 
recorded  In  digital  format  using  a  0.5  eV  step  size  and  100  eV  pass  energy  for 
survey  scans  (1000-0  eV),  and  a  0.2  eV  step  size  and  25  eV  pass  energy  for 
multiplexes  (10-20  eV  windows  about  selected  elemental  lines).  After  removal  of 
X-ray  satellites,  background  subtraction,  and  correction  for  Inelastic 
scattering,  spectra  were  fit  to  6auss1an-lorr  tzlan  I4'  shapes  to  determine 
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center,  full  width  at  half-maximum  (FWHM) ,  and  Integrated  area  of  each  peak.  All 
binding  energies  were  referenced  to  adventitious  carbon,  C  Is  *  284.80  eV;  the 
spectrometer  work  function  was  set  using  the  Au  4f7/2  line  (84.0  eV)  and  the 
linearity  of  the  energy  scale  calibrated  using  the  Cu  2P3/2,  Cu  Auger,  and  Cu  3p 
lines. *9  Binding  energy  corrections  were  normally  <0.2  eV  because  all  samples 
were  conductors  and  were  grounded  to  the  spectrometer  either  by  means  of  the  Cu 
wire  from  the  back  contacts  of  photoelectrodes  or  by  mounting  crystals  with 
conducting  graphite  paint.  Sputter-cleaned  surfaces  were  obtained  using  a  S  kev 
A r  Ion  beam,  >100  pA/cm2,  restored  over  a  3  x  3  me  area,  for  5  min. 

Chemicals.  HPLC  grade  CH3CN  (Baker)  was  purified  and  dried  by  distillation  from 
P2O5  and  stored  over  4  A  molecular  sieves.  Tetrabutylasnonlum  tetrafl uoroborate 
was  obtained  from  Southwestern  Analytical  Co.  (Austin,  TX)  and  dried  at  70°C  for 
at  least  24  h.  Redox  reagents  employed  In  this  Investigation  were  either 
obtained  cohere  1  ally  or  synthesized  fay  standard  techniques.  Their  preparation 
and/or  purification  have  been  reported  elsewhere.20  The  1,2-dlcyanobenzene  was 
recrystal 11 zed  . cm  hot  toluene.  All  other  reagents  were  used  without 
purification. 


Results  and  Discussion 


Cyclic  Voltammetry  of  Various  Redox  Couples  at  p-CdTe 

The  cyclic  voltammetry  of  a  number  of  redox  species  at  reduced  and  oxidized 
p-CdTe  was  examined  In  order  to  determine  the  Influence  of  surface  etching 
procedures  on  the  semiconductor/electrolyte  Interface.  In  particular,  we  have 
employed  redox  couples  that  show  reversible,  one-electron  reductions  at  Pt  In  dry 
CH3CN  solutions  containing  0.2  jl  [n-Bu4N]BF4  as  supporting  electrolyte.  In  the 
absence  of  any  specific  Interactions  between  the  redox  species  of  Interest  and 
p-CdTe  (such  as  strong  adsorption),  the  resulting  electrochemical  behavior  In  the 
dark  and  under  Illumination  should  be  dominated  by  the  semiconductor/electrolyte 
energetics  and  not  by  kinetic  limitations.  No  specific  Interactions  between 
p-CdTe  (reduced  or  oxidized)  and  the  redox  couples  employed  here  were  discerned 
In  this  Investigation  or  In  previous  studies  concerning  n-CdTe.1 

Cyclic  voltammetry  Is  commonly  employed  to  measure  the  photovoltages 
developed  at  Illuminated  semiconductor  electrodes  Immersed  In  electrolyte/redox 
couple  solutions. 21 .22  The  potential  difference  between  the  voltammetrlc  wave  at 
a  reversible  electrode  (such  as  Pt)  and  that  observed  at  the  Illuminated 
semiconductor  represents,  to  a  close  degree,  the  photovoltage  developed  under 
Illumination.  When  only  one-half  of  the  redox  couple  Is  present  In  solution,  we 
have  found  that  the  difference  In  potential  of  cathodic  peak  current  observed  at 
Pt,  Epc,Pt»  and  the  semiconductor  electrode,  EpCtcdTe»  yields  satisfactory  Ey 
values  consistent  with  the  true  open-circuit  photovoltage  measurable  when  both 
halves  of  the  redox  couple  are  present.  Thus,  photovoltages  reported  herein  are 
given  by  equation  (2).  All  values  of  EpCtcdTe*  and  thus  Ey,  are  the  average 

EV  ■  lEpc, p-CdTe  -  Epc.Ptl  (2) 

values  for  a  number  of  measurements  at  different  p-CdTe  electrodes  and  the 
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estlmated  error  In  these  values  Is  ±  0.1  V.  The  light  Intensity  employed  was  *40 
mW/cm2  for  Illuminated  p-CdTe. 

Figure  1  Illustrates  the  differences  between  the  electrochemical  behavior  of 
p-CdTe  electrodes  etched  In  the  oxidizing  etchant  and  those  etched  In  the 
reducing  etchant,  when  Immersed  In  an  electrolyte  solution  containing  either 
2-t-butylanthraqulnone  (BAQ)  or  N,N'-d1methyl-4,4'-b1pyr1d1n1um,  MY2*,  at  -2  mM. 
Both  electroactive  species  show  two,  well -resolved,  one-electron  reductions  at  Pt 
electrodes.  The  electrochemical  response  In  the  dark  for  the  first  and  second 
reductions  of  MV2*  and  for  the  first  reduction  of  BAQ  Is  typical  of  the  behavior 
observed  at  "oxidized*  p-CdTe  electrodes  for  redox  couples  with  redox  potentials 
positive  of  —1.0  V  vs.  SSCE.  Reversible  one-electron  waves  for  these  couples 
are  observed  at  potentials  correspondl ng  closely  to  the  values  at  Pt.  In 
contrast,  the  electrochemical  behavior  of  these  couples  In  the  dark  at  "reduced" 
P-CdTe  Is  remarkably  different,  showing  negligible  cathodic  currents  due  to  the 
reduction  of  the  electroactive  solution  species.  Only  a  small  anodic  current  Is 
observed  at  "reduced"  p-CdTe  for  the  oxidation  of  some  residual  MV*  present  In 
the  solution.  The  photoresponse  of  "oxidized"  and  "reduced"  p-CdTe  electrodes  in 
these  solutions  Is  also  dissimilar  as  shown  In  Figure  1.  Upon  Illumination  with 
632.8  nm  light,  only  a  small  Increase  In  current  Is  observed  at  "oxidized"  p-CdTe 
for  those  couples  that  showed  reversible  (or  "ohmic")  behavior  In  the  dark 
(MV2*/*,  MV*/0  and  BAQO/*).  The  second  reduction  of  BAQ  at  "oxidized"  p-CdTe 
Is  observed  upon  Illumination  at  approximately  the  same  potential  as  on  Pt,  but 
the  voltammetrlc  wave  at  the  p-CdTe  Is  not  well  resolved.  It  Is  worth  pointing 
out  that  the  cathodic  peaks  for  these  couples  at  the  Illuminated  "oxidized" 
electrode,  EpCfcdTe»  occur  at  essentially  the  same  potential  as  at  Pt  and,  thus, 
the  photovoltage,  Ey,  Is  negligible.  Illumination  of  the  "oxidized”  p-CdTe 
appears  to  slightly  Increase  the  rate  of  charge-transfer  across  the 


seal conductor/electrolyte  junction  without  affecting  the  potential  at  which  the 
peak  reduction  current  occurs.  Reductions  at  "reduced"  p-CdTe  electrodes  do  not 
occur  In  the  dark,  but  can  be  readily  effected  when  the  electrode  Is  Irradiated. 
Figure  1  shows  that  the  reductions  of  BAQ  occur  at  significantly  less  negative 
potentials  than  at  either  "oxidized"  p-CdTe  or  at  Pt.  The  difference  in  Epc.Pt 
and  Epc,p-CdTe( reduced)  0.16  V  and  0.31  V  for  the  first  and  second  BAQ 
reduction,  respectively.  Similarly,  MV2+  can  be  effectively  photoreduced  at 
"reduced"  p-CdTe,  but  with  smaller  Ey  values.  The  first  reduction  occurs  at 
essentially  Identical  potentials  to  Pt  (Ey  ■  0.01),  and  only  a  modest 
photovoltage  Is  observed  for  the  second  reduction  (Ey  *  0.09  V).  These  results 
and  those  obtained  In  solutions  containing  other  redox  species  are  listed  in 
Table  I  for  "reduced"  and  "oxidized"  p-CdTe  electrodes. 

Comparison  of  voltammetrlc  results  at  "reduced"  and  "oxidized"  p-CdTe  for 
those  electroactive  species  having  redox  potentials  more  negative  than  *1.5  v  vs. 
SSCE  Is  difficult,  due  to  the  electrochemical  reduction  of  the  "oxidized"  p-CdTe 
surface  which  gives  rise  to  large  cathodic  currents  and  Irreproduclble  behavior. 
For  Instance,  the  Initial  cyclic  vol taamogram  observed  for  "oxidized"  p>CdTe  In 
the  presence  of  Ru(bpy)32+  shows  a  broad  cathodic  wave  extending  from  —1.2  to 
•2.0  V  vs.  SSCE;  this  same  wave  Is  observed  In  the  absence  of  Ru(bpy)3?+  and  Is 
assigned  to  the  reduction  of  a  surface  tellurlum/tellurlum  oxide  layer  (see 
Surface  Analysis,  below).  Repeated  potential  cycling  of  the  "oxidized"  p-CdTe 
electrode  from  -1.0  to  -2.0  V  vs.  SSCE  eventually  (-10-15  scans)  results  In 
behavior  resembling  that  observed  for  p-CdTe  etched  in  the  reducing  etch:  neglig¬ 
ible  dark  current  Is  observed  In  the  potential  region  between  —0.4  and  -2.0  v 
vs.  SSCE,  and  good  photovoltages  can  be  obtained  for  redox  couples  having  E 1/2 
more  negative  than  —0.8  V  vs  SSCE.  Small  background  photocurrents  are  observed 
at  potentials  more  negative  than  —1.5  V  when  no  redox  couple  Is  added.  This 
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photocurrent  is  possibly  due  to  the  reduction  of  CdTe,23  resulting  in  the 
dissolution  of  the  seal conductor.  The  response  of  Ru(bpy)32+  and  1,2-dicyano- 
benzene  at  "reduced"  p-CdTe  In  the  dark  and  under  Illumination  is  shown  in  Figure 
2.  The  reduction  of  Ru(bpy)32+  at  Pt  shows  three  one-electron  vol tammetri c  waves 
that  are  well -separated  (by  ca.  200  mV).  At  Illuminated  "reduced"  p-CdTe  these 
three  waves  are  significantly  less  resolved,  showing  peak  separations  of  only  70 
and  150  mV.  In  essence,  the  three  reversible  Ru(bpy)32+  reductions,  which  occur 
at  differing  potentials  at  Pt,  are  observed  at  nearly  the  same  electrode 
potential  at  Illuminated  p-CdTe,  yielding  Ey  values  of  0.38,  0.45,  and  0.60  V, 
respectively.  This  behavior  demonstrates  nicely  one  of  our  conclusions  regarding 
"reduced"  p-CdTe:  the  barrier  height  and  photovoltage  depend  largely  on  the 
redox  potential  of  the  contacting  electrolyte  solution.  Photoreductions  of 
electroactive  species  with  quite  negative  potentials  can  also  be  effected  at 
p-CdTe,  as  demonstrated  for  the  case  of  l,2-d1cyanobenzene(Ex/2  •  -1.62  V  vs. 
SSCE).  The  Ey  for  this  species  at  p-CdTe  1$  0.55  V  by  cyclic  voltammetry  at 
$2®4^"’/0H”  treated  electrodes.  The  electroactive  species  studied  with  the  most 
negative  reduction  potential,  anthracene  (Ex/2  9  -2.0  v  SSCE)  also  gave  the 
largest  photovoltage,  Ey  *  0.63  V,  consistent  with  an  E^dox  dependent  barrier 
height  at  the  reduced  surface. 

Figure  3  shows  the  variation  In  photovoltage  at  "reduced"  p-CdTe  with 
changes  In  the  electrochemical  potential  of  the  contacting  electrolyte  solution. 
Values  of  Ey  for  "oxidized"  p-CdTe  electrodes,  which  were  not  greater  than  0.1  v 
for  any  redox  couple  examined  (Table  1),  are  not  shown.  Several  conclusions  can 
be  drawn  from  mapping  out  the  energetics  of  the  semiconductor/  electrolyte 
Interface  as  In  Figure  3.  First,  significant  photovoltages  are  not  observed  for 
couples  having  redox  potentials  positive  of  -0.4  V.  Thus,  we  take  -0.4  V  vs. 

SSCE  to  be  approximately  equal  to  the  flat-band  potential,  E?b>  Scheme  I.  This 


Is  In  good  agreement  with  capacitance  results  (vide  Infra).  The  second 


conclusion  drawn  from  Figure  3  Is  that  the  photovoltages,  while  Increasing  at 
more  negative  redox  potentials,  do  not  reach  values  expected  for  an  Ideal 
junction.  The  largest  rate  of  Increase  of  Ey,  l.e.  AEy/aEredox*  Is  about  0.6, 
considerably  less  than  the  value  of  1.0  predicted  from  equation  (3).  This 

Ey  ■  I E redox  -  EfbI  (3) 

non-ideal  behavior  has  been  observed  before  for  other  semiconductors?*  and  Is 
probably  due  to  direct  recombl nation  of  photogenerated  charge  carriers  within  the 
semiconductor  Interior  or  via  Interfaclal  states.  Note  that  the  correspondence 
between  Ey  and  E^qx  Is  not  strictly  linear  (l.e.,  aEy/aEredox  Is  not  constant 
over  the  entire  range).  Indicating  that  recombination  rates  are  potential  - 
dependent. 

Differential  Capacitance  of  p-  and  n-CdTe  In  CH^CN/El ectrolyte  Solutions 

The  behavior  of  p-CdTe  presented  above  and  that  reported  earlier  for  n-CdTe1 
Indicates  that  the  barrier  height  associated  with  the  semi conductor /el ectrolyte 
junction  depends  on  the  surface  pretreatment.  To  gain  further  understanding  of 
this  phenomenon  we  have  determined  the  space  charge  capacitance,  Csc,  of  these 
materials  as  a  function  of  electrode  potential,  Ef,  In  CH3CN  containing  only  0.2  M 
[Mhj4N3BF4.EE  The  differential  capacitance  has  been  taken  to  be  equal  to  Csc  and 
has  been  measured  as  described  In  the  Experimental.  Results  for  both  "oxidized" 
and  "reduced"  p-  and  n-CdTe  are  shown  In  Figure  4,  along  with  the  resulting 
Mott-Schottky  data  ( l/CSc2  vs*  Ef).  These  figures  show  typical  results  of  a 
number  of  measurements  on  Independently  prepared  CdTe  electrodes.  The  Csc  vs.  Ef 
data  for  "reduced"  n-  and  p-CdTe  are  consistent  with  a  variation  In  the  band 
bending  as  the  electrode  potential  Is  varied  resulting  In  a  strong  variation  in 
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Csc.  In  contrast*  Csc  values  for  CdTe  electrodes  etched  in  the  oxidizing  etchant 
are  virtually  Independent  of  Ef  Indicating  that  the  space  charge,  and  thus  band 
bending*  remains  constant  over  a  wide  potential  range. 

The  general  shape  and  Magnitude  of  the  1/Csc2  vs.  Ef  plots  were  found  to  be 
Independent  of  the  modulation  frequency  between  100  and  3000  Hz.  However,  signi¬ 
ficant  differences  In  C$c  values  were  observed,  even  at  a  fixed  frequency, 
between  repetitive  measurements  leading  to  scatter  in  the  values  of  intercept 
(lO.l  V)  and  slope  (±20%)  of  the  Mott-Schottky  plots.  This  somewhat  erratic 
behavior  is  due  to  changes  In  the  chemical  composition  of  the  surface  upon 
cycling  the  electrode  potential  between  negative  and  positive  values.  To  demon¬ 
strate  this  more  clearly,  an  "oxidized"  n-type  CdTe  electrode,  which  yielded  a 
potential -Independent  Csc  value  (-80  nF/c*2) ,  was  potentlostatted  at  -1.8  V  vs. 
SSCE  for  15  minutes  In  the  dark.  At  this  potential  the  differential  capacitance 
Immediately  begins  to  Increase  and  reaches  a  limiting  value  (-700  nF/cm2)  after 
10  minutes,  equal  to  within  5%  of  the  differential  capacitance  of  the  same  elec¬ 
trode  etched  In  the  reducing  etchant.  Furthermore,  the  Mott-Schottky  plot 
obtained  after  electrochemical  reduction  of  the  surface  In  the  dark  was  similar 
to  that  obtained  after  chemical  reduction.  Because  of  this  chemical  Instability 
of  the  CdTe  surfaces  we  have  not  attempted  systematic  Investigation  of  the 
frequency  dependence  of  the  capacitance.  The  effect  of  the  negative  electrode 
potential  on  the  value  of  C$c  vs.  Ef,  however,  does  accord  well  with  the  photo- 
voltage  measurements  described  above  where  electrochemical  reduction  of 
"oxidized"  p-CdTe  ultimately  yields  good  photovoltcges. 

The  capacitance  of  an  Ideal  semiconductor/electrolyte  junction  should  obey 
the  Mott-Schottky  relationship,  equation  (4),  at  potentials  where  a  depletion 
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layer  Is  formed. 25  in  equation  (4)  n  Is  the  donor  (n-type)  or  acceptor  (p-type) 
density;  e  Is  the  semiconductor  dielectric  constant;  eo  Is  the  permittivity 
constant  and  e  Is  the  electronic  charge.  The  literature  value26  of  7.2  for  e  was 
used  In  all  calculations.  In  the  absence  of  a  high  density  of  surface  states  or 
deep  donor  levels  a  plot  of  1/Csc2  vs.  Ef  should  be  linear  and  have  an  extra¬ 
polated  Intercept  equal  to  -Efb  (the  correction  for  kT/e  being  27  mV  at  room 
temperature).  Our  plots  of  1/Csc2  vs.  Ef,  Figure  4,  are  linear  for  both 
“reduced"  n-  and  p-CdTe  In  contact  with  CH3CN/[£-Bu4N]BF4.  The  extrapolated 
Intercepts  (average  values  for  a  number  of  determinations)  yield  values  of  Epe  of 
-1.4  V  and  -0.4  V  vs.  SSCE  for  n-  and  p-type  electrodes,  respectively.  The  donor 
(n-type)  and  acceptor  (p-type)  densities  determined  from  the  slopes  of  the 
Mott-Schottky  plots  are  2  x  101?  and  2.5  x  101®  cm*3,  respectively.  These 
carrier  densities  allow  a  calculation  of  the  separation  of  Ef  from  the  top  of  the 
valence  band  or  bottom  of  the  conduction  band  In  the  bulk  of  p-  or  n-CdTe, 
respectively*  For  p-CdTe  the  valence  band  position.  Eye,  can  thus  be  calculated 
from  equations  (5)  and  (6)25  where  Ny  Is  the  density  of  states  and  mh*  Is  the 

Ny  -  2(2*mh*kT/h2)3/2  (5) 

n&  *  exp(-(EyB*EFB)Al’)  (6) 

effective  hole  mass.  Using  n^*  *  0.35  0^27  (the  electron  rest  mass)  places  Eyg 
at  -0.2  V  vs.  SSCE.  A  similar  calculation  for  n-CdTe  places  the  conduction  band, 
Eqb»  «t  -1.5  V  vs.  SSCE. 28  The  difference  between  Eyg  and  Ecb»  1.3  V,  Is  within 
experimental  error  of  the  reported  band  gap,  1.4  V,  of  CdTe.  The  value  of  Efb 
for  the  "reduced"  n-CdTe  is,  within  experimental  error,  the  same  value  obtained 
using  photovoltage  measurements.1 
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Comparison  of  the  1/Csc2  vs.  Ef  plots  for  "oxidized"  and  “reduced"  CdTe 
electrodes  yields  quantitative  Information  regarding  the  value  of  the 
potential -Independent  barrier  height.  Eg,  resulting  from  the  oxidizing  etch.  We 
can  assume  that  when  Csc  for  "oxidized"  n-  or  p-CdTe  equals  Csc  for  "reduced"  n- 
or  p-CdTe  the  band  bending  Is  the  same  In  the  "oxidized"  and  "reduced"  n-  or 
p-CdTe.  The  amount  of  band  bending  Eg  Is  obtained  by  measuring  the  potential 
difference  between  Epg  (the  Intercept  of  the  straight  line  drawn  through  1/Csc2 
data  for  the  "reduced"  surface)  and  the  potential  at  which  the  1/Csc2  values  for 
both  "oxidized"  and  "reduced"  electrodes  are  equal.  At  this  potential  the  band 
bending  In  both  electrodes  Is  the  same  and,  since  Epg  Is  fixed  for  the  “reduced" 
sample,  the  band  bending  Is  thus  measurable.  From  Figure  4  we  observe  that  the 
difference  between  these  two  values  for  p-CdTe  Is  equal  to  -50  mV.  Other 
determinations  of  Eg  by  this  method  for  p-CdTe  were  In  the  range  5-80  mV, 
Indicating  that  the  band  bending  at  "oxidized"  p-CdTe  is  very  small.  This  Is  In 
good  agreement  with  the  cyclic  voltannetry  results  for  "oxidized"  p-CdTe  which 
show  "ohmic"  behavior  In  the  dark  and  photovoltages  less  than  100  mV  for  a  number 
of  electroactive  species.  Table  I.  Taking  Epg-Eyg  to  be  -0.2  V,  from  equations 
(5)  and  (6),  this  means  that  the  value  of  Eg  for  "oxidized"  p-CdTe  Is  -0.3  V. 

The  band  bending  of  "oxidized"  n-CdTe  samples,  measured  by  the  same  procedure.  Is 
0.5  -  0.7  V,  a  much  larger  value  than  with  p-CdTe,  In  agreement  with  the  observed 
photovoltage  at  such  electrodes.1*2  Thus,  for  "oxidized"  n-CdTe  the  value  of  Eg 
Is  -0.8  V. 

The  Eredox"'fn<lePen<lent  barrier  height  of  "oxidized"  n-  and  p-CdTe  Indicates 
that  the  photovoltages  developed  at  these  electrodes  are  limited  by  Fermi  level 
pinning  and  not  by  carrier  Inversion.  This  Is  unequivocal  for  p-CdTe  where  the 
small  barrier  height  (Eg  a  0.3  V)  cannot  be  due  to  carrier  Inversion  of  a  1.4  eV 
band  gap  semiconductor.25  The  constant  Csc  value  observed  for  n-CdTe,  even  at 
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potentials  extending  0.6  V  negative  of  the  conduction  band  edge  (Ecg  as  measured 
fro*  the  Mott-Schottky  plots  of  the  ‘'reduced"  electrodes)  also  Indicates  that  the 
band  bending  Is  United  by  Fernl  level  pinning.  Even  If  carrier  Inversion  were 
Important  for  "oxidized"  n-CdTe  It  Is  necessary  to  conclude  from  Figure  4  that 
surface  levels  Initially  pin  the  Fernl  level  to  a  potential  positive  enough  to 
create  an  accumulation  of  minority  carriers  at  potentials  negative  of  Egg. 

In  related  Investigations, 29  the  differential  capacitance  curves  of  p-Si  In 
the  presence  of  a  number  of  redox  couples  show  that  Fermi  level  pinning  controls 
the  extent  of  band  bending  In  that  material.  These  results,  however,  are 
considerably  different  fro*  the  results  reported  here.  The  shape  of  the  Csc  vs. 
Ef  curves  for  p-SI  Is  found  to  be  Independent  of  the  contacting  solution  and 
closely  resembles  expectations  for  an  Ideal  extrinsic  p-type  semiconductor 
(slallar  in  shape  to  the  capacitance-potential  curve  for  "reduced"  p-CdTe,  Figure 
4).  However,  It  Is  found  that  the  differential  capacitance  curves  are  shifted 
along  the  potential  axis  depending  on  the  redox  potential  of  the  solution 
electroactive  species.  A  linear  relationship  between  Epg,  determined  from  the 
Mott-Schottky  plots,  and  Er8<j0X  Is  observed  over  a  considerable  potential  range. 
The  p-SI  In  solvent/electrolyte  solution  containing  no  redox  couple  also  gives  a 
nearly  ideal  Mott-Schottky  plot.  The  point  is  we  conclude  that  "oxidized"  CdTe 
1-s  Feral  level  pinned  and  yet  the  value  of  Csc  Is  invariant  with  changes  In  Ef. 
Changes  In  Ef  for  "oxidized"  CdTe  apparently  give  changes  In  the  Helmholtz 
capacitance,  not  In  Csc.  The  difference  In  behavior  of  CdTe  and  p-SI  can  be 
understood  by  noting  that  accumulation  of  surface  charge  can  occur  by  either  of 
two  mechanisms:  (I)  equilibration  of  the  semiconductor  bulk  with  Its  surface, 
1.e«,  electrons  are  driven  to  surface  states  of  a  p-type  semiconductor  creating  a 

i- 

net  negative  surface  charge  or  (2)  equilibration  of  solution  redox  reagents  with 
the  semiconductor  surface,  l.e.  electron- transfer  from  a  solution  donor  species 

! 
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to  the  surface  states.  The  latter  mechanism  Is  apparently  responsible  for  the 
behavior  of  p-SI  and  Is  consistent  with  a  non-uni form  and  low  density  of  surface 
states  that  are  not  able  to  exchange  electrons  with  bulk  p-SI.  For  CdTe  there 
appears  to  be  essentially  a  continuum  of  states  between  Eyg  and  Egg,  because  the 
overlayer  for  the  "oxidized"  CdTe  Is  Te*  (vide  Infra),  a  small  gap  semiconductor. 
Me  attempted  to  measure  Csc  in  the  presence  of  various  redox  couples,  but  leakage 
currents  precluded  meaningful  results. 

X-Ray  Photoelectron  Spectroscopy  of  CdTe  Surfaces 

X-ray  photoelectron  spectroscopy  of  CdTe  surfaces  reveals  substantial 
differences  In  surface  composition  and  chemistry  of  samples  treated  with  the 
oxidizing  vs.  the  reducing  etch.  Precise  core  electron  binding  energies  were 
measured  for  the  Cd  3d5/2»3/2»  Te  3ds/2»3/2»  and  C  Is  levels  of  each  sample.  A 
low  resolution  survey  scan  was  also  taken  to  reveal  Impurities  and  to  quantitate 
any  oxide  present.  Table  II  summarizes  XPS  data  obtained  from  the  various 
samples;  values  given  are  the  average  of  4  to  6  runs.  The  similarity  of  the  Cd 
3d  binding  energies  of  oxidized,  reduced,  and  sputtered  samples  Indicates  there 
Is  no  major  variation  In  the  chemical  state  of  Cd.  In  particular,  none  of  the  Cd 
3d  binding  energies  Is  characteristic  of  Cd*  or  CdO,  ruling  out  these  species  as 
major  surface  constituents. 30  Substantial  variation  Is  found,  however.  In  the  Te 
3d  region,  as  Illustrated  In  Figure  5  and  Indicated  In  Table  II.  In  addition  to 
altering  the  Te  chemical  state,  the  type  of  etch  also  affects  surface 
stoichiometry,  as  summarized  In  Table  II. 

The  Te  3d  XPS  data  for  CdTe  treated  with  the  oxidizing  etch  (Figure  5,  top) 
reveals  two  sets  of  Te  3ds/2 ,3/2  bands  split  by  -3.2  eV.  The  higher  binding 
energy  set,  several  eV  higher  than  either  Te*-  or  Te°  (as  measured  for  sputtered 
CdTe  and  Te°,  respectively)  Is  assigned  to  Te02,  the  lowest  stable  oxide  of  Te,31 
In  agreement  with  assignments  made  elsewhere  for  the  Te  3d  levels  of  air-cleaved 
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CdTe32  and  In  agreement  with  the  3ds/2  binding  energy  reported  for  TeOg  (575.9 
eV).33  The  lower  binding  energy  set  of  bands,  lying  midway  between  Te°  and  7e2*, 
results  from  both  Te*  and  underlying  (bulk)  CdTe;  deconvolution  of  this  rather 
broad  (FWHM  -1.8  eV)  set  of  bands  yields  two  sets  of  bands  separated  by  -1  eV, 
the  difference  between  Te°  and  Te2-  (Table  II).  Angularly  resolved  XPS  data 
obtained  by  others32  Indicate  that  Te*  and  Te02  are  present  over  similar  electron 
escape  depths.  The  layer  of  Te°/Te02  found  on  CdTe  treated  with  the  oxidizing 
etch  Is  not  thick,  as  Indicated  by  the  presence  and  Intensity  of  the  Cd2+  and 
Te2*  3d  signals  and  the  Te/Cd  ratio  of  1.6  (Table  II).  This  contrasts  the 
results  of  others.  Including  researchers  In  this  laboratory,  who  have  found  the 
same  or  similar  oxidizing  etches  to  give  Te*  and/or  Te(>2  films  thick  enough  to 
obscure  the  Cd  signal ,1.34,35  This  discrepancy  Is  attributable  to  a  short  delay 
between  etching  and  rinsing  the  samples. 36  Auger  depth  profile  data  Indicate 
that  the  0  signal  falls  off  rapidly  as  the  CdTe  bulk  Is  approached,  suggesting  a 
Te*-r1ch  layer  In  contact  with  bulk  CdTe.3® 

The  Te  3d  spectrum  for  CdTe  treated  with  the  reducing  etch.  Figure  5,  second 
from  top,  closely  resembles  that  of  sputter  cleaned  CdTe,  third  from  top. 

Implying  that  the  reducing  etch  leaves  a  surface  which  resembles  pure  CdTe 
chemically;  the  difference  In  Te  3d5/2  binding  energies  Is  only  0.03  eV  (Table 
II).  The  sputtered  and  reduced  CdTe  surfaces  resemble  one  another  stolchlo- 
metrlcally  as  well,  both  having  a  Cd/Te  ratio  of  one  (Table  III).  In  addition  to 
the  predominant  Te2*  peak,  the  reduced  surface  spectrum  has  a  small,  high  energy 
band  attributable  to  Te02  from  air  oxidation  of  the  surface;37  the  spectra  of 
some  reduced  CdTe  samples  showed  asymmetry  on  the  high  energy  side  of  the 
Te2*  peak,  suggesting  the  presence  of  a  small  amount  of  Te*. 

Sputter-cleaned  CdTe  and  Te*  have  X-ray  photoelectron  spectra  containing 
only  a  single  set  of  Te  3d  bands  (Figure  5),  giving  the  3d  binding  energies  of 


Te8-  and  Te*,  respectively  (Table  II).  The  spectrum  of  unsputtered  (air 
oxidized)  elemental  Te  (Figure  5,  second  from  bottom)  shows  a  small  peak  due  to 
Te*  and  a  much  larger  peak  attributable  to  Te02,33  Indicating  that  Te°  films 
formed  on  CdTe  fay  an  oxidizing  etch  are  likely  to  be  partially  air-oxidized  to 
Te02.  In  f*ct»  allowing  "reduced"  CdTe  samples  to  stand  In  air  for  -2  weeks 
caused  the  small  band  attributed  to  Te02  to  grow  In  Intensity,  Indicating  the 
Te*-  on  the  surface  of  CdTe  Is  slowly  air  oxidized  to  Te02*37 

The  XPS  studies  Indicate  that  the  "oxidized"  CdTe  can  be  viewed  as  a 
situation  where  the  bulk  CdTe  Is  coated  with  Te*.l»38  Thus,  the  space  charge 
layer  In  the  CdTe  arises  from  the  equilibration  of  CdTe  with  Te*  just  as  for 
deliberately  prepared  heterojunctions  such  as  CdTe/metal  Schottky  barriers. 
Interestingly,  Te*  Is  a  large  work  function  material38  and  would  be  expected, 
therefore,  to  give  a  larger  barrier  height  on  n-CdTe  than  on  p-CdTe.  We  find 
that  the  sum  of  the  barrier  heights  for  "oxidized"  n-  and  p-CdTe  is  -1.1  v, 
somewhat  less  than  the  1.4  eV  band  gap  would  predict.  However,  the  error  In  the 
values  of  Eg  are  at  least  ±0.1  V.  Scheme  II  sumnrlzes  our  view  of  the  Interface 
for  "oxidized"  CdTe  where  the  space  charge  layer  In  the  CdTe  region  is  controlled 
by  the  Te*/Te02  overlayer.  The  "reduced"  CdTe  behaves  as  a  nearly  Ideal 
semi conductor8 *4  when  In  contact  with  electrolyte  solutions.  However,  the 
photovoltage  vs.  Er«<iox»  Figure  3,  suggests  recombination  losses  at  the  positive 
Eredox  values,  since  there  Is  significant  curvature  several  tenths  of  a  volt  more 
negative  than  Epg. 

Photoelectrochemical  Energy  Conversion  Using  p-CdTe-Based  Cells 

The  Improvement  In  the  Ideality  of  n-CdTe  using  a  reductive  surface 
pretreatment  cannot  be  easily  exploited  to  Improve  the  energy  conversion 
efficiency  for  n-CdTe  photoanode-based  electrochemical  cells.  This  is  because 
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Scheme  II.  Representation  of  the  CdTe/Te/Te02  Interfaces  resulting 
from  an  oxidative  pretreatment  of  p-CdTe  (left)  and 
n-CdTe  (right)  showing  a  larger  barrier  height,  Eb*0.8V 
40.1V, on  n-CdTe  than  on  p*CdTe,  Eb"0.3V  ±  0.1V. 
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the  photoanodlc  decomposition  of  the  surface  of  n-CdTe  leads  to  rapid  degradation 
of  the  Improved  barrier  height,  even  though  gross  photocorrosion  could  likely  be 
suppressed.1  However,  the  Improvement  of  p-CdTe  could  possibly  be  exploited, 
provided  very  negative  redox  couples  are  employed.  Figure  3.  Indeed,  the 
capacitance  measurements  of  "oxidized"  p-CdTe  held  at  a  negative  potential 
Indicate  that  nearly  Ideal  behavior  can  be  Induced  by  electrochemical  reduction. 
Thus,  p-CdTe  could  be  protected  from  degradation  under  Illumination  when 
electrons  are  driven  to  the  surface.  Accordingly,  we  have  demonstrated  that  a 
p-CdTe-based  photoelectrochemical  cell  can  be  efficient  when  using  a  sufficiently 
negative  redox  couple. 

Figure  6  shows  the  steady-state  photocurrent-voltage  curves  observed  at 
"reduced"  p-CdTe  Immersed  In  a  0.1  M  l,2-d1cyanobenzene/CH3CN/[n-Bu4N]BF4 
solution.  As  expected  from  the  cyclic  voltammetrlc  response.  Figure  2,  cathodic 
photoc^-rents  are  observed  only  when  the  electrode  Is  Irradiated.  The  onset  of 
photocurrent  begins  at  —0.8  V  vs.  SSCE  which  Is  -0.7  V  more  positive  than  the 
onset  of  current  at  Pt.  In  essence,  the  reduction  of  1,2-dlcyanobenzene  Is 
driven  at  a  light  Intensity  limited  rate  at  Illuminated  p-CdTe  with  a  potential 
savings  of  -0.7  V  relative  to  Its  thermodynamic  reduction  potential.  The  quantum 
yield,  fill  factor,  and  power  conversion  efficiency  at  various  light  Intensities 
are  listed  In  Table  III  for  three  different  photoelectrochemlcal  cells.  Including 
one  where  the  solution  potential  was  poised  by  having  a  significant  concentration 
of  both  halves  of  the  redox  couple.  Interestingly,  the  photovoltage  observed  is 
up  to  0.9  V,  rivalling  the  best  semiconductor  photocathodes  reported.??  We  note 
that  the  quantum  yield  for  electron  flow  at  short-circuit,  <s^,  is  uncorrected  for 
losses  due  to  surface  reflection  which  may  be  substantial  on  the  shiny  p-CdTe 
surfaces.  However,  <Sq  Is  large,  -0.6,  and  shows  only  a  small  decrease  with 
Increasing  light  Intensity  Indicating  that  the  photoresponse  Is  not  dominated  by 
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large  recombination  rates  of  electron-hole  pairs  at  short-circuit.  The 
wavelength  dependence  of  shows  an  onset  of  photoresponse  at  Eg  with  a  sharp 
rise  at  slightly  higher  energy,  consistent  with  the  fact  that  CdTe  Is  a  direct 
band  gap  semiconductor. 13  The  fill  factor,  which  Is  a  measure  of  the 
rectangul arl ty  of  the  photocurrent- vol tage  curves.  Is  given  by  equation  (7)  where 

Fill  Factor  «  (lx  Ey)mgX  (7) 

tyloc)  x  isc 

(1  x  Eylnax  *s  the  maximum  power  delivered  by  the  photoelectrochemical  cell. 
Values  of  the  fill  factor  were  In  the  range  0.4-0. 5,  decreasing  with  Increasing 
light  Intensity.  The  maximum  power  conversion  efficiency,  t^x,  given  by 
equation  (8)  Is  -8-10*  for  the  reduction  of  the  [l,2-d1cyanobenzene]°/“  system 

ifcax  *  (j  xEy)tnax  x  100  (8) 

input  power 

using  632.8  nm  Input  optical  energy. 

The  overall  chemistry  of  this  photoelectrochemical  cell  Is  given  by: 

[1,2-dlcyanobenzene]0  +  e“  [1,2-dlcyanobenzene]”  (p-CdTe  photocathode) 
[1,2-dlqyanobenzene]”  ♦  [1,2-dlcyanobenzene]0  +  e*  (Pt  counterelectrode) 

The  [1,2-dlcyanobenzene]-  photogenerated  at  p-CdTe  Is  oxidized  at  the 
counterelectrode  resulting  In  no  net  chemical  change.  The  short-circuit  current 
response  under  -30  mkf/cm*  of  632.8  nm  light  slowly  declines  after  about  1  h  of 
operation.  Although  we  have  not  investigated  this  instability  in  detail,  loss  of 
[1,2-dlcyanobenzene]”  occurs  due  to  Irreversible  reactions  with  trace  H2O 
present  In  solution.  The  need  to  use  very  negative  redox  couples  will  likely  be 
an  Impediment  to  practical  photoelectrochemical  energy  conversion  devices  based 
on  p-CdTe. 
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Concluslons 

The  photoelectrochemlcal  behavior  of  p-CdTe  Immersed  In  electrolyte  solutions 
has  been  shown  to  be  strongly  dependent  on  the  nature  of  the  surface  pretreatment. 
As  previously  shown  with  n-CdTe  photoanodes,1  etching  the  photoelectrode  with  an 
oxidizing  etch  results  In  a  constant  photovoltage  upon  Illumination  independent 
of  the  solution  redox  potential.  This  behavior  has  now  been  shown  by  XPS  to 
result  from  a  thin  Te02/Te#  surface  layer  which  Introduces  a  high  density  of 
surface  levels  capable  of  accumulating  enough  charge  to  shift  the  band  edge 
positions  with  variation  in  Ere<jox«  This  situation  Is  referred  to  as  Fermi  level 
pinning  and  dominates  the  behavior  of  p-  or  n-type  CdTe  etched  by  Cr2072“/HN03 
solutions.  In  contrast,  p-  and  n-CdTe  electrodes1  etched  by  S2(>42-/0H"  behave  in 
a  more  Ideal  fashion  showing  photovoltages  that  vary  considerably  with  Ered0X. 
Surface  analysis  reveals  that  the  surface  of  such  electrodes  closely  resembles 
bulk  CdTe. 

An  Important  conclusion  from  these  studies  Is  that  barrier  height  of 
"oxidized"  p-  or  n-type  CdTe,  as  measured  by  the  differential  capacitance,  agrees 
quite  well  with  the  value  Inferred  from  photovoltage  determinations,  l.e.  Eg  2 
Ey(max).  This  relationship  Is  often  assumed  In  photoelectrochemlcal 
studies1*2***^  and  the  results  presented  here  demonstrate  its  validity,  at  least 
In  the  case  of  CdTe  photoelectrodes.  Conventional  electrochemical  techniques, 
e.g.  cyclic  voltammetry,  thus  appear  to  be  reliable  means  of  mapping  out  the 
energetics  of  the  semiconductor/electrolyte  Interface. 

Modification  of  the  p-CdTe  surface  by  etching  In  S2042*/0H"  solutions  has 
been  demonstrated  to  yield  relatively  efficient  photocathodes  for  the  reduction 
of  1,2-dlcyanobenzene.  The  visible  light  power  conversion  efficiency  Is 
considerably  larger  than  previously  reported11  values  for  p-CdTe-based  photo¬ 
electrochemlcal  cells  and  represents  the  first  efficient  photoelectrochemical  cell 
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based  on  a  p-type  I I- VI  compound.  We  are  presently  extending  these 
investigations  to  another  II-VI  semiconductor,  p-ZnTe,  which  will  be  the  subject 
of  a  future  report.  Finally,  we  note  that  work  on  CdTe/metal  Schottky  barriers 
has  generally  employed  an  oxidative  pretreatment  of  the  CdTe.15*39  Our  results 


indicate  that  different  results  could  obtain  for  a  reductive  pretreatment. 
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Results  from  Cyclic  Voltammetry  of  Various  Redox  Couples  at  Reduced  and  Oxidized  p-CdTe 
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iicH  and  "rectifying"  refer  to  the  presence  and  absence,  respectively,  of  a  well-defined  cyclic  voltaimnetrlc  wave  i 
dark  due  to  the  reduction  of  the  electroactive  species. 

ell-defined  peak -potential  was  observed  for  BAQ~/?~  at  Illuminated  p-CdTe  (see  Figure  1  and  text). 
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Table  II.  Suimaary  of  XPS  Data  for  Chemical  State  and  Stolhclometry  of  Oxidized,  Seduced, 
and  Ion-Sputtered  CdTea 


Surface  Examined 

Signals  Observed, 
ev 

Relative 
Intensity  b 

Assignment, 

Core  Level 

Sputtered  CdTe 

405.08(6) 

411.84(6) 

1.0 

Cd2+ 

3d5/2 

3d3/2 

572.47(5) 

582.87(4) 

1.1(1) 

Te2- 

3dr/2 

3d3/2 

"Reduced"  CdTe 

404.94(7) 

411.69(6) 

1.0 

Cd2+ 

3d5/? 

3d  3/2 

572.50(7) 

582.92(7) 

1.0(3) 

Te2- 

3dS/2 

3d3/2 

575.96(11) 

586.27(15) 

0.04(5) 

Te02 

3d5/2 

3d3/2 

"Oxidized"  CdTe 

405.15(7) 

411.90(8) 

1.0 

Cd2+ 

3d5/2 

3d3/2 

572.98(11) 

583.40(11) 

1.2(1)  . 

"Mixed" 
Te^/Te"  ' 

3dS/2 

3d3/2 

576.21(10) 

586.58(10) 

0.4(2) 

Te02 

3d5/2 

3d3/2 

Air  oxidized  Te 

573.5 

583.8 

0.05 

Te" 

3dS/2 

3d3/2 

576.4 

586.8 

1.0 

Te02 

3dS/2 

3d3/2 

Sputtered  Te 

573.54 

583.92 

1.0 

Te" 

3d5/2 

M3/2 _ 

•Each  tabulated  value  Is  the  average  of  4-6  runs.  Uncertainty  In  the  last  digit  of  each 
entry,  given  parenthetically.  Is  estimated  as  twice  the  uncertainty  of  the  average. 

More  extensive  data  Is  published  elsewhere.36 


^Relative  Intensities  are  calculated  from  Integrated  peak  areas  of  the  curve  fit  data 
and  are  corrected  for  atomic  sensitivity  factors:  Wagner,  C.D.;  Davis,  L.E.;  Zeller,  M.v. 
Taylor,  J.A.;  Raymond,  R.H.;  Gale,  L.H.  Surf.  Interface  Anal.,  1981,  3,  211. 


Table  III.  Efficiency  for  Photoreductl on  of  1,2-Dicyanobenzene  at  Illuminated 
p-CdTe  In  CH3CN/O.2  M  [n-BU4N]BF4. 


Electrode*  Solution1* 


Incut  Pwr0  EvfochVd 


f.f.f  % 


0.1  M  1,2-OCB 

22  mW/cm2 

(unpoised) 

11.6 

6.5 

0.1  M  1,2-OCB 

40.0 

(unpoised) 

20.0 

10.3 

5.2 

0.1  M  1,2-OCB/ 

38.7 

2  nil  1,2-DCB- 

21.9 

(poised;  Eredox  - 

6.1 

-1.50  V  vs.  SSCE) 

3.0 

*1,2  and  3  refer  to  different  electrodes. 

^Stirred  and  purged  with  A r. 

cInput  Irradiation  at  632.8  ran. 

dEy(oc)  Is  the  open-circuit  photovoltage. 

eQuantua  yield  for  electron  flow  at  E redox*  Data  are  uncorrected  for  reflection 
losses  or  losses  from  redox  couple  absorption. 

^Defined  by  equation  (7)  In  text. 

BOeflned  by  equation  (8)  In  text. 


Figure  Captions 

Figure  1.  Comparison  of  cyclic  voltamnetry  of  2-£-butylanthraqu1none,  2-t-BAQ, 
and  N,H'-d1iiiethyl-4,4'-b1pyr1d1n1um,  MV2+,  at  Ft  with  surface  "oxidized"  and 

"reduced"  p-CdTe  (Illuminated,  - ;  dark, - ).  Irradiation  was  at  632.8  nm, 

-40  mW/cm2. 

Figure  2.  Comparison  of  cyclic  voltammetry  of  Ru(bpy)32*  and  1,2-dlcyanobenzene 

at  Pt  with  surface  "reduced"  p-CdTe  (illuminated, - ;  dark, - ). 

Irradiation  was  at  632.8  ran,  -40  mW/cm2. 

Figure  3.  Plot  of  photovoltage  at  "reduced"  p-CdTe  as  a  function  of  E1/2  for 
various  redox  couples.  Redox  couples  are  Identified  by  number  listed  In  Table  I. 
Photovoltage  Is  as  defined  In  text,  equation  (2). 

Figure  4.  Comparison  of  differential  capacitance  and  the  resulting  Mott-Schottky 

plots  for  surface  oxidized  (— — )  and  reduced  ( - )  p-  and  n-type  CdTe  at  a 

modulation  frequency  of  1000  Hz. 

Figure  S.  X-ray  photoelectron  spectra  of  the  Te  3d  region  showing,  from  top: 
HM03/Cr2072*-ox1d1zed  CdTe;  S2042"/0H"-reduced  CdTe;  Ar  Ion  sputtered  CdTe;  air 
oxidized  elemental  Te;  and  Ar  Ion  sputtered  elemental  Te. 

Figure  6.  Steady-state  photocurrent-potential  curves  for  p-CdTe  in  CH3CN/O.2  M 
[n-Bu4N]BF4  containing  0.1  N  1,2-dlcyanobenzene.  Electrodes  were  Illuminated  at 
632.8  nm  with  a  He-Ne  laser  at  an  Input  Irradiation  power  as  noted. 


r 


-2.0  -1.6  -1.2  -0.8  -1.8  -1.4  -1.0  -0.6 

POTENTIAL.  V  VS.  SSCE  POTENTIAL.  V  VS.  SSCE 


DIFFERENTIAL  CAPACITANCE  DIFFERENTIAL  CAPACITANCE 

VS.  POTENTIAL  VS.  POTENTIAL 

n-CdTe  p-CdTe 
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